Purpose: It is proposed that the anterior optic nerve is specifically susceptible to microcirculatory compromise contributing to the development of glaucomatous optic neuropathy.
patients throughout the world. 7 In North America, the prevalence of both glaucoma and ocular hypertension increases with advancing age, and most glaucoma patients exhibit IOP above the statistically normal range. In contrast, in Japan, GON increases but ocular hypertension diminishes in frequency with advancing age. Japanese glaucoma patients over 60 years are more likely to exhibit statistically normal IOP than elevated IOP. 8 Thus factors other than, or in concert with, IOP must play a vital causative role in many glaucoma patients.
GLAUCOMA AND SYSTEMIC VASCULAR DISEASE
Abnormalities in the circulation of blood to the anterior optic nerve have been cited by many investigators as potential causative factors in the development of GON. 9, 10 There are many clinical reasons to believe that microvascular factors are important. Clinical microvascular diseases, including systemic hypertension, peripheral vascular disease, and possibly diabetes mellitus, are associated with glaucomatous damage. [11] [12] [13] Studies have shown a higher incidence of systemic vascular diseases, including systemic hypotension, 9, 11 nocturnal hypotension, [14] [15] [16] and systemic hypertension, 12, 13 in glaucoma patients. Epidemiologically, systemic hypertension, particularly in its late stages, has been related to glaucoma. 17 Disorders associated with vasospasm, such as migraine headache or cold hands and feet, are more commonly seen in patients with glaucoma, both with and without elevated IOP. 18, 19 Other studies of glaucoma patients have shown abnormalities in blood rheology with increased blood viscosity and reduced erythrocyte deformability. 7, [20] [21] [22] [23] [24] In addition to the above clinical associations, a variety of experimental and clinical observations demonstrate circulatory aberrations of the anterior optic nerve, the peripapillary region, [25] [26] [27] [28] [29] the choroid, 27, 30, 31 and the retrobulbar vasculature [32] [33] [34] [35] [36] [37] [38] [39] [40] in eyes with GON. 33, [40] [41] [42] [43] These apparent alterations in the circulation of the glaucomatous optic nerve may implicate dysfunction of vascular regulatory mechanisms. Further support for vascular dysregulation has been suggested by the finding of elevation of ET-1, a potent vasoconstricting peptide, in the plasma 39, [44] [45] [46] and aqueous humor 47, 48 of patients with glaucoma. In the optic nerve, evidence of decreased blood flow correlating with visual field damage has been reported in glaucoma patients. 40, 41, [49] [50] [51] [52] Many of these studies remain controversial, as the validity of the various hemodynamic measurement techniques remains under investigation, but the hypothesis that circulatory abnormalities are related to the development of GON is well supported by these clinical associations. However, as attractive as this hypothesis may be, ischemia has never actually been definitively demonstrated to cause, or even contribute to, GON.
Is optic nerve ischemia alone sufficient to cause glaucoma-like neuropathy? The vascular hypothesis of GON is based upon three critically important, but unproven, assumptions 53 : (1) optic nerve ischemia can directly cause or increase the susceptibility of the optic nerve to glaucomatous damage, (2) our current knowledge of the vascular anatomy and physiology of the anterior optic nerve allows us to identify the regional vascular beds of importance in the development of GON, and (3) currently available techniques provide reliable measurements to monitor these vascular beds and measure blood flow alterations. Experimental investigations examining each of these assumptions will allow a better understanding of the potential role of vascular abnormalities in the development of GON. This project is primarily focused on the first assumption, by investigating the direct effects of chronic ischemia on the anterior optic nerve in the nonhuman primate and comparing them to other models and human glaucoma.
INTRINSIC VERSUS EXTRINSIC FACTORS AND MODELLING GLAUCOMATOUS OPTIC NEUROPATHY
Glaucomatous optic nerve damage may derive from factors intrinsic to the optic nerve (such as alterations of the extracellular matrix composition and abnormalities of the microvasculature) or from factors extrinsic to the optic nerve (such as elevated IOP and alterations in systemic cardiovascular status). Intraocular pressure obviously plays a major role in the development of GON in many subjects, but some nerves are more sensitive to pressure than others. 54 Research has suggested that elevated IOP directly damages the optic nerve by distorting the extracellular matrix, glia, and support structures. The extrinsic force of IOP on the optic nerve causes backward bowing of the laminar support tissues, distortion of the laminar plates, misalignment of the laminar pores, and nerve cell damage by direct mechanical compression or interruption of axoplasmic flow. [55] [56] [57] These proposed mechanisms of pressure damage are largely derived from animal models of high IOP. Elevated IOP is easily measured and modeled in laboratory animals; thus the extrinsic, pressure-induced hypothesis of GON has been extensively studied. 56 However, in most animal models with elevated IOP, the pressure levels are much higher than levels characteristically seen in human glaucoma. As noted above, evidence suggests that elevated IOP alone is insufficient to explain the development of glaucomatous nerve damage in all individuals. The extreme pressure levels produced in these models may, in fact, mislead our interpretations of the role of IOP in the development of GON.
The development of an alternative model of intrinsic optic nerve damage has proven more problematic. Microvascular abnormalities and insufficient optic nerve vascular perfusion may result in neural ischemia and axonal damage, 6, 49, 58 but creation of a chronic model of optic nerve ischemia has previously been lacking. Models of acute ischemia are easily produced via ligation of selected vessels or elevation of IOP above arterial perfusion pressure. In that chronic open-angle glaucoma is typically a slowly progressive disease, a model of chronic optic nerve ischemia is likely more clinically applicable.
OPTIC NERVE VASCULAR ANATOMY AND PHYSIOLOGY
Many investigators have previously enhanced the understanding of the vascular anatomy and physiology of the anterior optic nerve. Most believe that the anterior optic nerve is the site of insult in glaucoma. The anterior optic nerve may be anatomically divided into four regions: the superficial nerve fiber layer, the prelaminar region, the laminar cribrosa, and the retrolaminar region. The optic nerve vascular supply varies depending on the region. 10, [59] [60] [61] [62] [63] [64] [65] The superficial nerve fiber layer is supplied principally from the arterioles in the adjacent retina, which derive from the central retinal artery. The central retinal artery usually does not contribute to either the prelaminar or laminar region, although it may contribute minimally to the retrolaminar region. The prelaminar, the laminar, and the retrolaminar regions are supplied by branches of the pial arteries and the short posterior ciliary arteries, both originating from the posterior ciliary arteries. Our knowledge of the vascular anatomy of the anterior optic nerve has been clarified in recent decades; however, precise understanding of the anatomic distribution of the fine capillary beds within individual eyes and the regulation of blood flow within these regions remains somewhat limited. Studies of vascular anatomy and physiology demonstrate that most of the anterior optic nerve is supplied by the posterior ciliary circulation, and further studies will enhance our ability to evaluate the potential contribution of ischemia to GON.
ISCHEMIA AND NEURAL DAMAGE
With advances in molecular and cellular biology, the understanding of the mechanisms that may lead to neural damage has been greatly expanded. 66 Apoptosis (programmed cell death without necrosis) has been cited as a potential pathway of retinal ganglion cell death in both human glaucoma and experimental primate glaucoma associated with elevated IOP. [67] [68] [69] Apoptosis is a cell death pathway in which a complex cascade of cellular events occurs, including nuclear clumping, DNA condensation, cellular shrinkage and involution, and, finally, macrophage engulfment without inflammation. [70] [71] [72] [73] As the genetic information necessary for apoptosis exists in neural cells (including the retinal ganglion cells), the question becomes, What is the initiating signal that leads to this terminal cascade of events? Potential initiating signals of apoptosis in central nervous system diseases include growth factor deprivation, excitotoxicity, oxygen free radical production, nitric oxide synthesis, and abnormalities of calcium metabolism. In the eye, growth factor deprivation of retinal ganglion cells (the "neurotrophic hypothesis") results from blockade of retrograde transport at the lamina cribrosa, preventing growth factors from reaching their site of action in the cell body. 74, 75 Calcium and oxygen free radicals influence biologic pathways that can damage the optic nerve. Increased levels of intracellular calcium may damage neurons by stimulating catabolic enzymes or oxygen free radical production. 76 Oxygen free radicals, such as superoxide ion and hydroperoxyl radical, have unpaired electrons that make them highly reactive. 77 Following transient ischemia, these molecules are commonly liberated, resulting in "re-perfusion injury." Oxygen free radicals preferentially damage the mostly unsaturated lipid cell membranes of neural tissues. Aberrant nitric oxide synthesis has also been demonstrated within the glaucomatous anterior optic nerve. 78 Neural ischemia could initiate any or all of these apoptotic triggers. Ischemia of the anterior optic nerve results in a blockade of axoplasmic flow, which would prevent normal transport of agents such as growth factors. Ischemia stimulates excessive glutamate release. Ischemia also enhances oxygen free radical and nitric oxide production. As well, intracellular calcium levels increase following neural ischemia. A model of chronic optic nerve ischemia allows us to evaluate the consequences of ischemia and to compare these consequences to other forms of optic nerve perturbation. The model will allow the comparison of neuronal cell death patterns following various forms of insult.
ENDOTHELIAL FACTORS (ENDOTHELINS)
In recent years, the vascular endothelium has been identified as an active participant in regulation of vascular tone. Perhaps the greatest advances in endothelial physiology have been the discovery and characterization of endothelium-derived vasoactive factors. Endothelial cells detect changes in their mechanical, chemical, and humoral environment, process these signals, and respond with the synthesis of various modulators in order to maintain a delicate balance between vasoconstriction and vasodilation. 79 The endothelium synthesizes several vasoactive agents that participate in the maintenance of vascular tone and regulation of optic nerve blood flow. [80] [81] [82] [83] [84] Endothelial-derived vasomodulators include prostanoids, nitric oxide, endothelins, smooth-muscle hyperpolarization factors, and angiotensin. Utilizing this set of regulatory mechanisms, the perfusion of most vascular beds throughout the body, including the anterior optic nerve, is maintained relatively constant under normal conditions. However, disorders of any part of the system can result in altered perfusion and create regional ischemia.
An example of a potential regulatory failure is found in glaucoma patients with abnormally high systemic concentrations of E-1. Endothelins are a family of short-chain polypeptides that are among the most potent vasoconstrictors known and are present in the ocular vasculature. Endothelin-1 is a very potent vasoconstrictor, produced by vascular endothelial cells, which plays a role in the regulation of blood flow throughout the cardiovascular system. It may also directly regulate the blood flow within the optic nerve. 85 The ocular circulation is particularly sensitive to changes in local ET-1 concentration, even at doses that do not affect systemic hemodynamics or flow velocity in the ophthalmic artery. 86 In some individuals with primary open-angle glaucoma, higher-thannormal plasma and aqueous humor concentrations of E-1 have been observed. 44, 45, 47, 87 This high concentration of E-1 has been associated with reduced blood flow in the posterior ciliary arteries that supply the optic nerve vasculature. 39 Normal peripheral vascular response to the E-1 is also altered in some individuals with glaucoma. 88 Intravitreal injections of E-1 into the rabbit eye produce marked effects on the anterior ciliary circulation, as well as constriction of the retinal vasculature. 89 With E-1 administration to the retrobulbar perineural space, localized constriction in the posterior ciliary arterial circulation has been produced, in both the rabbit and primate eye. 90, 91 
REGIONAL OPTIC NERVE DAMAGE IN GLAUCOMA
In glaucoma, there appears to be a differential susceptibility of various regions within the optic nerves of individual eyes. In fact, GON is characterized by regional patterns of retinal ganglion cell death associated with loss of visual function. Whereas some recent studies show that the initial damage in human glaucoma may be diffuse, distinct patterns of retinal ganglion cell loss and the consequential localized loss of visual function remain hallmarks of human glaucoma. 92 Localized visual field scotomata and isolated nerve fiber layer defects are commonly seen clinically in individuals with glaucoma. Preferential regional damage of the optic nerve in human glaucoma is seen clinically as the development of localized neuroretinal rim notches, 93 nerve fiber layer thinning, 94,95 disc hemorrhages, 96 and visual function defects. 97 Jonas and colleagues 93 and Mok and coworkers 98 showed that glaucomatous optic nerve loss occurs in all neuroretinal rim sectors of the optic nerve, but in early glaucoma the most pronounced loss is in the inferior-temporal rim. Preferential regional damage in glaucoma has traditionally been attributed to differential mechanical forces and explained by anatomic features at the level of the anterior lamina cribrosa. [99] [100] [101] That is, in the superior and inferior regions, there is less connective tissue around lamina cribrosa pores, and the pores are large in size compared to the nasal and temporal regions. 99, 100 In addition, lamina cribrosa pores in the peripheral region are longer than the central pores. 101 Quigley and coworkers 102 have further demonstrated that large optic nerve fibers, especially in the superior and inferior quadrants, are more specifically susceptible to damage in human GON. Recent biomechanical modeling of posterior segment of the eye and optic nerve head suggests that disproportionate stress and strain forces occur within regions of the optic nerve and may contribute to regional patterns of axon loss. 103 These physical forces may cause the axons passing through specific regions of the lamina cribrosa to be more vulnerable to mechanical stress from elevated IOP.
Interestingly, in clinical studies, focal damage of the optic nerve has also been attributed to ischemia (so-called focal ischemic GON). 104, 105 In one large study, four patterns of GON were examined: (1) focal ischemic, (2) myopic tilted, (3) senile sclerotic, and (4) generalized cup enlargement. Focal ischemic GON was typically seen in older individuals, was highly associated with optic nerve hemorrhages, was more frequently associated with migraines, and was almost always associated with localized functional loss that often threatened fixation. 104 Others have contended that focal ischemia is a clinical form of GON that occurs at all levels of IOP. 105 Local defects in the circulation have also been found in regions of peripapillary atrophy (beta-zone atrophy), 106 and zones of nonperfusion have been demonstrated with fluorescein angiography. 52 Beta-zone peripapillary atrophy is associated with localized neuroretinal rim thinning (focal axonal loss) and progressive glaucomatous damage. In addition, even in normal human subjects, fluorescein filling rates are significantly different among the four quadrants of the optic disc. 107 The existence of regional watershed zones has been suggested to be important in the development of regional damage in the human GON. 60, 108, 109 Approximately 60% of these watershed zones pass through the temporal half of the optic nerve in eyes with glaucoma. 110 Because the area within a watershed zone is comparatively less perfused, especially during hemodynamic stress, these regions are thought to be more vulnerable to ischemic insult. Human GON, especially in early disease, is characterized by regional patterns of retinal ganglion cell death, and various regions of the optic nerve are more susceptible to localized damage in high IOP models. These patterns of regional loss have been attributed to both localized vascular and mechanical perturbations.
DIFFERENTIAL LOSS OF LARGE VERSUS SMALL AXONS IN GLAUCOMA
As cited above, large optic nerve fibers, especially in the superior and inferior quadrants, may be more susceptible to damage in human GON. 102 Although the gradual loss of retinal ganglion cells is a characteristic of pathological changes in glaucoma, it has been proposed that retinal ganglion cells with large axons are more vulnerable than retinal ganglion cells with small axons. This observation was first reported in an experimental primate model of glaucoma 111 and later demonstrated in human glaucoma. 102 Similarly, large retinal ganglion cell loss was observed in human glaucoma, particularly in the inferior retina. 112 This corresponds to reports of decreased magnocellular input at the level of the lateral geniculate nucleus in human glaucoma, as compared to normals. 113 Additional experimental evidence of selective large cell loss has been seen in beagle dogs with hereditary open-angle glaucoma, although regional differences existed within these optic nerves. 114 Despite these findings, the notion that the retinal ganglion cells with large axons are more vulnerable to glaucomatous damage has become controversial. As more extensive examinations of the magnocellular and parvocellular components within the higher levels of the visual system [115] [116] [117] are performed, the simple division between large and small optic nerve fibers becomes blurred. As well, the possibility remains that the apparent preferential loss of large axons in glaucoma may result from cellular shrinkage prior to the cell death. 118 In addition, classification of retinal ganglion cells based only on the size of their axons, while anatomically achievable, may have limited physiological relevance. Nevertheless, to further compare the optic neuropathy that results from chronic ischemia to glaucoma, examination of selective loss of various populations of retinal ganglion cells may be important.
PREVIOUS INVESTIGATIONS: MODEL OF CHRONIC OPTIC NERVE ISCHEMIA
A reproducible, in vivo model of chronic optic nerve ischemia was developed in the rabbit eye and later extended to the nonhuman primate eye, using ET-1 delivered to the optic nerve vasculature via osmotically driven minipumps. ET-1 is delivered to retrobulbar space adjacent to the optic nerve with this constant and controlled delivery system (see "Methods" section). The aim of the model is to study the effect of a single potential risk factor for GON. Without other confounding factors, such as elevated IOP, chronic optic nerve ischemia will be investigated. In addition, the model will determine if ischemia in isolation is sufficient to cause GON or render the optic nerve particularly susceptible to GON. As detailed above, the primary vascular supply to the anterior optic nerve is via the posterior ciliary arterial system. Therefore, vasoconstriction of the posterior ciliary arteries and their branches would result in decreased perfusion of the anterior optic nerve. In the model, decreased optic nerve blood flow has been previously documented with intravascular microsphere techniques, and focal vasoconstrictions of the ciliary arterial system were demonstrated using intraluminal corrosion castings. The dose-response characteristics for ET-1 were determined in the rabbit eye, and further experimentation has been done in the nonhuman primate eye. Neuronal death and even morphologic optic nerve cupping were seen in the rabbit. A spectrum of new and old technologies is used for evaluation of the primate eye during the experiments (ophthalmoscopy, tonometry, optic nerve photography, scanning laser ophthalmoscopy, laser doppler flowmetry, 3-D microsphere blood flow measurements, multifocal electroretinogram, optic nerve histology, and immunohistochemistry). The following is a brief summary of previously published observations in the rabbit and primate model, which have led to the present line of investigations.
Rabbit Model
The model of chronic optic nerve ischemia continuously delivers ET-1 to the perineural region of the optic nerve in the retrobulbar space and has been described in rabbits, 91 rats, 119 and nonhuman primates. 120 The arterial supply of the anterior optic nerve in the rabbit is anatomically similar to the primate eye and demonstrates a dose-dependent vasoconstriction with chronic, local application of ET-1. Optic nerve blood flow was measured with microsphere blood flow determinations in two normal rabbits, five rabbits receiving ET-1 (daily dose: 0.1 mg), and two rabbits with saline sham pumps for 2 weeks. Blood flow was reduced approximately 38% (37.66% ± 7.22) in the ET-1 exposed optic nerves compared to the normal and sham optic nerves. 120, 121 To ascertain that consistent reduction of anterior optic nerve blood flow occurred over extended periods of time with ET-1 delivery, blood flow measurements were performed at various time intervals. In four rabbits at 1 week, 41.5% blood flow reduction was observed; in five rabbits at 2 weeks, 38.0% reduction was observed; in four rabbits at 4 weeks, 41.5 % reduction was observed; and in five rabbits at 8 weeks, 49.0% reduction was observed. These data show that significant tachyphylaxis does not occur in this model and that the blood flow reduction can be maintained for extended periods. In addition, in four rabbits receiving ET-1 (0.1 gm/day) for 2 months, there was a significant increase of the cup volume (Heidelberg Retinal Tomography, HRT, volume below surface, Heidelberg, Germany). Average cup volumes increased from a baseline of 1.08 mm 3 to 1.27 mm 3 at 1 month and 1.33 mm 3 at 2 months in ET-1 eyes (analysis of variance [ANOVA]: P = .0064). There was no change of the cup size in the fellow eyes (ANOVA: P = .6). Histological examination of the optic nerves was performed following 60 days of ET-1 delivery, and there were no signs of acute infarction, such as coagulative necrosis, cystoid spaces, or proliferation of leukocytes or mononuclear cells. Among the ET-1 treated optic nerves, there was a suggestion of increased number of retinal ganglion cells with small, darkened nuclei (a potential sign of apoptotic cell death) as compared to the fellow eyes. Within the anterior optic nerve, there was loss of myelin and a decrease of axons. However, the extensive myelination of the rabbit anterior optic nerve and ultrastructural differences to the primate optic nerve limit the significance of further histological comparisons. In summary, in the rabbit model, a consistent reduction of blood flow to the anterior optic nerve of approximately 38% was achieved, resulting in loss of optic nerve axons, loss of neuroretinal tissues of the optic nerve, and enlargement of the optic nerve cup.
Primate Model
In the nonhuman primate eye (cynomolgus and rhesus monkey), ET-1 dosages between 0.2 and 0.34 mg per day produced marked vasoconstriction of the anterior optic nerve vasculature as compared to the fellow, untreated eye. In contrast, balanced saline solution delivered via the minipumps to the perineural optic nerve had no effect on the microvasculature. The effects of ET-1 and decreased perfusion in the primate eye were initially evaluated in six rhesus monkeys implanted with minipumps (four ET-1, daily dose: 0.2 mg, and two sham pumps) for a duration of 1 week. 120 Average optic nerve blood flow values (mL/mg/min) were 0.53 in the sham pump eyes, 0.37 in the ET-1 treated eyes, and 0.57 in the untreated eyes. This represents an average reduction of 35% of the optic nerve blood flow in the ET-1 group, with infusion of 0.34 mg per day. The identical experiment was performed in two monkeys for 1 month with a 38% blood flow decrease. The blood flow in the sham procedure group was not significantly different from that in the untreated eyes. The normal optic nerve blood flow estimates in rhesus monkeys correlates well with our previous estimates in cynomolgus monkeys of 0.56 mL/mg/min. Therefore, similar to the rabbit model, the nonhuman primate model (both cynomologus and rhesus) showed approximately 35% to 38% blood flow reductions to the anterior optic nerve 120 and significant loss of optic nerve axons after 3 to 6 months of continuous ischemia. 122, 123 Since nonhuman primates have a vascular architecture and tissue properties within the anterior optic nerve that are very similar to the human eye, 124, 125 primate models are often used to provide meaningful comparisons to human glaucoma.
Diffuse Versus Focal Retinal Ganglion Cell Axonal Loss
Very early in our investigations of primates, it was realized that retinal ganglion cell axonal loss was not uniform throughout the optic nerve and the effects of chronic ischemia of the anterior optic nerve were not limited to the retinal ganglion cell axons ( Figure 1 ). Effects were also noted in the extracellular matrix and in the glial tissues of the optic nerve. It was realized that formal evaluation of the primate optic nerve for patterns of axonal loss was complex. Because the primate optic nerve contains between 800,000 and 1,500,000 retinal ganglion cell axons, counting all of the optic nerve fibers is time-consuming and impractical. Therefore, estimates have traditionally been based on partial counts, which are extrapolated. To detect early loss of axons and to compare optic nerves for regional loss, estimates of axonal numbers need to both be accurate and have high reproducibility. Therefore, a semiautomated system of estimating the number of axons in an optic nerve was developed (see below, "Estimating Axon Densities"). Figure 1 shows examples of axonal loss in the primate model following 6 months of ET-1 induced optic nerve ischemia. In these cross-sectional views of the retrobulbar optic nerves from three different animals, note the boundaries between regions with relatively preserved axons and severely damaged or absent axonal fibers. The recognition of this differential axonal susceptibility to ischemia led to the detailed evaluations of the patterns of axonal loss presented in this study. Since distinct patterns of regional retinal ganglion cell loss and the consequential localized loss of visual function are one of the hallmarks of human glaucoma, 92 detailed regional measures were created.
FIGURE 1
Microphotographs of cross-sections from three different nonhuman primate optic nerves following 6 months of endothelin-1 (ET-1) induced ischemia. All three photographs show localized or nonuniform patterns of axonal loss. Left, boundary (arrows) between an area of relative axonal preservation and severe axonal damage. Middle, region of axonal preservation surrounding a septum (arrow) within the optic nerve, which contains a capillary. Right, nonuniform axonal loss with highly variable sizes of the remaining axons (left and middle, toluidine blue stain; right, phenylenediamine, ×100).
Estimating Retinal Ganlion Cell Axon Densities in the Primate Optic Nerve
As discussed above, a variety of methods have been used to evaluate optic nerves and to determine the number of axons within the optic nerve in rats, dogs, monkeys, and human eyes. 114, [126] [127] [128] [129] [130] On account of the large number of axons (optic nerve fibers), often more than one million in the primate optic nerve (nonhuman and human), accurately estimating the number of axons is complex. A number of studies have estimated the total number of axons and axon density within the optic nerve by using a small random sample of between 3% and 5% of the total number of axons within the optic nerve. 55, 126, 128 These studies have shown poor reproducibility as well as marked differences in the estimation of total numbers of axons within the optic nerve. This variability among counting techniques has led to a reexamination of this issue. Using an image analysis system, a novel sampling method for estimating the optic nerve counts within the optic nerve was developed (see "Methods" section). 131 In this study, the axons from normal, nonhuman primates were counted, and methods to enhance the reproducibility of the estimation of the total number of axons were developed. As well, guidelines for minimizing the variability of axon estimates were established. This ultimately allows better statistical comparison between normal and damaged optic nerves. In this study, cross-sectional images of five optic nerves from five adult rhesus monkeys were analysed with an imaging system. The sections were each 1 mm thick, and the axon areas and x-y coordinates were recorded. The total axon number in each nerve was estimated by counting 1%, 2%, 3%, 4%, 5%, 10%, 20%, 40%, and 50% of the total optic nerve area. A Monte Carlo estimate and theoretical estimate of the standard deviation (SD) at each sampled area were computed. A SD as a percentage of the mean from the Monte Carlo estimate to the total axon count was calculated. The average number of axons for the five primate optic nerves was 1,320,438 ± 94,663 fibers. When sampling 5% or greater of the optic nerve, a SD as a percentage of the mean of the total number of axons is less than 1.4%.
In these five normal primate optic nerves, axon estimates of between 1.1 and 1.4 million are similar to what has been reported in previous studies in the macaque monkey. 55, 126, 128 Some earlier investigations of optic nerve axon counts had axon number estimations as high as 1.7 million fibers 127 and were probably overestimations. Potts and associates 127 counted 100% of the optic nerve fibers of three monkeys using an early imaging system and obtained 1.5 to 1.8 million optic nerve fibers. However, they did not have an observer remove objects that may have been wrongly identified as axons by automated counts. This may explain the higher numbers that were reported. Ogden and Miller 128 counted 4.3% of the nerve fiber area of only one monkey, resulting in an estimation of 1.4 million fibers in the optic nerve. Our novel technique for estimating axon numbers has shown that sampling a 5% or greater area of the optic nerve truly reflects the total number of axons within the normal optic nerve of the primate. 131 Comparisons of the variability and accuracy of axonal estimates in our analyses have led to the recommendation that axons in at least 8% of the optic nerve area be counted in normal eyes and 20% in damaged eyes to allow detection of regional loss patterns in the primate eye.
131

Patterns of Retinal Ganglion Cell Axonal Loss
The present study examines the susceptibility of the optic nerve retinal ganglion cell axons to chronic ischemia in the nonhuman primate eye. Histological assessment of the axonal loss within the optic nerve is compared between eyes with chronic ischemia from ET-1 treatment and contralateral control eyes. 132 Further, differences in the axonal density in various subregions of the optic nerve are examined following experimental chronic ischemia, to detect regional susceptibility of the retinal ganglion cell axons.
METHODS
ET-1 INDUCED OPTIC NERVE ISCHEMIA MODEL (OSMOTIC MINIPUMP IMPLANTATION)
Twelve adult female rhesus (Macaca mulatta) monkeys, weighing 4 to 8 kg and between the ages of 8 and 19 years, were used in accordance with the Association for Research in Vision and Ophthalmology statement on the use of animals in ophthalmic and vision research. At the beginning of the study, animals had a complete eye examination, which included slit-lamp examination, IOP measurements, and dilated funduscopic examination followed by stereoscopic optic nerve photography. For these examinations, animals were sedated with ketamine (Ketaset; Fort Dodge Animal Health, Fort Dodge, Iowa) administered intramuscularly (15 mg/kg) and intubated. Anesthesia of the animals was achieved with inhalation of 3% isofluorane in oxygen. Blood oxygen saturation and pulse rate were monitored via peripheral oxymetry, and core body temperature was maintained with a heating pad.
The surgical procedure for the implantation of the minipumps in primates has been described previously. 91 In brief, an osmotic minipump (Alza Corp, Mountain View, California) preloaded with approximately 250 µL ET-1 (Peptides International, Louisville, Kentucky) solution (55 µM/mL) was implanted subcutaneously superior to the lateral rim of the orbit of the right eye. The outlet of the pump was connected to one end of a silicone delivery tube. The tube was passed subcutaneously into the superior-temporal orbit and under the bulbar conjunctiva and Tenon's capsule. The tube was placed beneath the superior rectus muscle, and the end of the tube was secured in the retrobulbar space adjacent to the superior-nasal aspect of the optic nerve. The tube was fixed in place using a 9-0 nylon suture through the sclera. The minipump continually delivered the ET-1 solution to the retrobulbar region at a dose of 0.34 µg per day with a constant flow rate (6 µL/day) over 4 weeks. At the end of each 4-week period, the minipump was replaced with a new ET-1 loaded pump at the original site of placement, and the patency of the tube was ensured by irrigation of normal saline solution prior to the placement of the new pump. Tubes with a blocked opening due to scar tissue growth were replaced. Otherwise, the tube was left in place and the new pump attached. Sham implantation of minipumps loaded with vehicle without ET-1 demonstrated no short-term effect on blood flow and other parameters examined in a previous report. 120, 133 An additional sham animal was included in the present study, but unfortunately it died of unrelated causes 3 months following pump implantation, and tissue was not available for analysis. The contralateral eyes of all 12 animals served as the controls. In addition, both optic nerves of a control animal with normal eyes (no pump implantation and normal ocular examination) were analyzed to assess the normal intereye variability of axonal density.
The duration of ET-1 induced ischemia was approximately 6 months (23 ± 2 weeks) in eight monkeys, 9 months (38 weeks) in one monkey, and 12 months (52 ± 1 weeks) in three monkeys (Table) . During this period, a variety of in vivo measurements were made in each animal at baseline prior to pump implantation and bimonthly during the study. These tests included IOP measurements in both eyes measured with tonometery (Tonopen; Mentor, Inc, Norwell, Massachusetts) immediately after the animals were anesthetized with ketamine. Three measurements were made for each eye, and an average IOP was recorded. Optic nerve appearance was monitored with stereoscopic optic nerve photography (3-DX; Nidek Co Ltd, Japan). Photographs of the optic nerves were evaluated in a masked fashion for indications of acute anterior ischemic optic neuropathy, such as focal or global pallor, edema, or hemorrhages.
Test of ET-1 Stability in the Osmotic Minipumps
To test the chemical stability of ET-1 in the minipump during the 4-week implantation cycles, four minipumps were preloaded with the same ET-1 solution as described above and placed in saline solution at temperature of 37°C for 1, 2, 3 and 4 weeks, respectively. At the end of each time point, the ET-1 solution was withdrawn from the pumps. A sample of 5 µL was obtained from each minipump and compared to a freshly prepared control ET-1 solution (three tests for each sample). With use of high-performance liquid chromatography (HP 1100, Hewlett Packard), the test samples and control samples were analyzed. Compared to the control sample, the percentages of ET-1 detected in the samples at the end of 1, 2, 3, and 4 weeks were 110%, 83%, 83%, and 74%, respectively.
Optic Nerve Tissue Sampling and Staining
At the end of the experiments, the animals were euthanized with an intravenous injection of pentobarbital, 100 mg/kg (Euthasol; Delmarva Laboratories, Inc, Midlothian, Virginia). Perfusion fixation was accomplished with 4% formaldehyde via the carotid arteries. Both eyes were immediately enucleated and fixed in 4% formaldehyde for an additional 2 to 3 hours. The retrobulbar optic nerves were transected (approximately 2 to 3 mm behind the globe), and a 0.5-mm-thick section was obtained and processed for resin sectioning. All of the optic nerve tissue sections were fixed in 5% glutaraldehyde in phosphate buffer (pH 7.4) for 1 hour and then postfixed in 2% osmium tetroxide for 3.5 hours. The tissue was rinsed, dehydrated in an ethanol-acetone series, and embedded in Epon 812. Semithin sections (1 μm) were cut and mounted onto glass slides. The adjacent stump of each optic nerve still attached to the globe immediately opposite to the cut surface was marked with colored tissue dye (tissue marking dyes; Triangle Biomedical Sciences, Inc, Durham North Carolina) to preserve the orientation in situ for later anatomical orientation of the each section. The sections on the slides were stained with 1% phenylenediamine (in 1:1 methanol/isopropanol) for 20 minutes, rinsed two or three times with isopropanol, and air-dried. If staining was incomplete with phenylenediamine at a temperature of approximately 80°C, adjacent sections were stained with 1% toluidine blue in the phosphate buffer (pH 7.0 to 7.4) for 3 minutes followed by adding a few drops of Sorensen's buffer for another 2 minutes. The slides were rinsed with distilled water and air-dried. The orientation of the optic nerve sections was determined by matching certain landmarks (such as blood vessels and contour lines of axonal bundles) of the sections with the adjacent optic nerve stumps from where the sections were cut.
Optic Nerve Retinal Ganglion Cell Axonal Density Estimates
Our methods of retinal ganglion cell axonal density quantification are described in a previous publication. 131 In brief, with an image analysis system (Bioquant; R&M Biometrics, Inc, Nashville, Tennessee), a composite of the entire area of the optic nerve crosssection was created. The area was then divided with a grid such that each square of the grid had a size of 2,025 µm 2 (45 µm × 45 µm). Eight percent of the grid-squares in normal controls and 20% in ET-1 treated optic nerves were randomly selected, and all of the axons within each of the randomly selected grid-squares were counted using the image analysis system. These percentages of the total area to be counted were chosen to minimize variance while maximizing efficiency. 131 The density of axons in each of the grid-squares was calculated by dividing the number of axons by the area of the grid-square, and the density of each region was estimated by averaging the densities of all of the counted grid-squares within the region of interest. This technique allowed for the variance to be calculated for the mean axonal densities in each region and for statistical comparison of the individual regions. In addition, the area of the entire optic nerve was automatically calculated by the Bioquant system by thresholding the outer edges of the optic nerve sections. This was done to assess for swelling or shrinkage of the optic nerves and its effect on density calculations.
COMPARISON OF LARGE VERSUS SMALL RETINAL GANGLION CELL AXONAL LOSS
To determine if preferential loss of large or small retinal ganglion cell axons occurs in the model of chronic ischemia, the size and numbers of axons were calculated and compared between the ET-1 treated and control eyes. Accurate determinations of the axon sizes depend upon uniform staining of the entire optic nerve cross-section from both eyes. Whereas the total axon numbers can be accurately estimated in eyes with nonuniform staining, the automated determination of axonal sizes depends on a thresholding algorithm that incorrectly underestimates axonal size in lightly stained sections and overestimates axonal size in darkly stained sections. Five animals (M1, M4, M5, M7, and M11) had uniformity of staining intensity of both eyes and were therefore included in this analysis. An arbitrary dichotomy between large and small axons was determined a priori. The axons within the largest 20th percentile of the axon size distributions for the normal control eyes of each pair were defined as "large" axons. The remaining axons were defined as "small" axons. This method was used to compare pairs of eyes from individual animals, as well as for group comparison of the entire population (n = 5). Since the total area counted in the normal (8%) and the ET-1 treated (20%) optic nerves is different, the axonal frequencies for the two optic nerve populations were normalized for comparison.
STATISTICAL ANALYSIS
For the purpose of statistical analysis and assessment of regional axonal loss, the optic nerves were divided into 16 subregions consisting of an inner and outer segment within each of eight wedge-shaped, radial sectors, as shown in Figure 2 (ST, TS, TI, IT, IN, NI, NS, SN; T = temporal, N = nasal, S = superior, I = inferior). All 16 subregions had approximately equal areas. The axonal density for each region was calculated as the average of all grid-square samples within the region. Similarly, the total overall axonal density for an entire optic nerve was calculated as the average of all density samples (ie, all counted grid-squares) for each optic nerve.
The effect of ET-1 induced chronic ischemia was evaluated by comparison of ET-1 treated and control eye group averages for overall axonal density using a paired t test (n = 12 pairs). Two-way, matched-pair ANOVA (treatment × animal) was used to further evaluate the effect of ET-1 treatment on overall axonal density while controlling for variation due to differences between individual animals. Bonferroni post hoc tests were used to evaluate the significance of ET-1 effects for individual animals (pairs of eyes). Potential regional effects of ET-1 induced ischemia were first evaluated across the whole group (n = 12) using two-way, matched-pair ANOVA (treatment × region). Regional effects of ET-1 treatment were further explored within individual animals using a similar twoway matched-pair ANOVA (treatment × region). This analysis was possible because the variance of each observation (mean of each optic nerve region) could be calculated based on the numerous samples obtained (grid-squares counted) in each optic nerve region. For this regional analysis of each individual animal, the effect of ET-1 treatment was considered significant if P < .0042; thus, α was adjusted for 12 comparisons. If there was also a significant interaction between ET-1 treatment and optic nerve region, Bonferroni post hoc tests were used to evaluate the significance of axonal density differences among individual pairs of regions (ET-1 versus control eye). Finally, the optic nerve areas were compared using a paired t test, to assess for optic nerve swelling or shrinkage and preferential loss. Intraocular pressure measurements at baseline, the midpoint, and the end of the experiment were analyzed with repeated measures ANOVA.
RESULTS
Intraocular Pressure
The average IOP (±SD) for the 12 ET-1 treated eyes at baseline (pretreatment) was 15.5 (±4.3) mm Hg. At the midpoint of each animal's experimental period, the average IOP in ET-1 treated eyes was 17.1 (±3.0) mm Hg. At the final examination in the ET-1 treated eyes, the IOP was 14.9 (±4.5) mm Hg. The average IOP in the group of contralateral control eyes was 15.1 (±3.6) mm Hg at baseline, 16.7 (±3.8) mm Hg during the experimental period, and 14.6 (±4.0) mm Hg at the final examination. There was no significant difference between the IOPs in the control and ET-1 treated eyes (P = .61). Likewise, the IOP did not differ significantly between baseline and final measurements in either the control eyes or the ET-1 treated eyes. (P > .05, ANOVA).
In Vivo Optic Nerve Appearance
The stereophotographs of the optic nerves were examined and compared between baseline and subsequent examinations in a masked fashion. There was no evidence of pallor, edema, telangiectasias, or other changes commonly associated with anterior ischemic optic neuropathy in any of the photos (Figure 3 ). On account of the relatively small numbers of animals and the high variability associated with clinical assessment of stereoscopic optic nerve photographs for progressive change, we have not included such an analysis in this report. However, automated optic nerve head analysis (Heidelberg retinal tomographs; Heidelberg Engineering, Heidelberg, Germany) was performed and is presently being analyzed.
Light Microscopy: Optic Nerve and Retinal Ganglion Cell Axon Size
Under the light microscope, the optic nerves of the ET-1 treated eyes showed a variety of morphological changes in the retinal ganglion cell axons and connective tissues compared to the normal, contralateral eyes ( Figure 4 ). These changes included axonal demyelination, axonal swelling, axonal shrinkage, and axonal fragmentation similar to earlier experiments ( Figure 1 ). These changes may represent the various stages in the continuum of axonal degeneration. Connective tissue changes included increased thickness of the perineurium and enlarged extra-axonal spaces associated with the loss of axons. In areas with more severe damage, neuroglial cells appeared to be larger and increased in number, and the sizes of the axons appeared to be highly variable. Figure 4 shows comparisons between two different optic nerve regions in two different individual animals (monkeys 2 and 6). The optic nerve subregions were chosen because they represent areas of significant axonal loss in the ET-1 treated eyes compared to the normal contralateral eyes (see section below, "Regional Retinal Ganglion Cell Axonal Density Comparison," and Figure 6 ). The mean and SD of the axon sizes are given for each region in Figure 4 , and additional data regarding axon size distributions in damaged eyes are described below. On average in regions of axonal damage in the ET-1 treated eyes, the variability of the axon size was greater and there appears to be a selective loss of large axons.
COMPARISON OF AXONAL DENSITY BETWEEN ISCHEMIC EYES AND CONTROLS Global Retinal Ganglion Cell Axonal Density Comparison
Following 6 to 12 months of continuous ET-1 delivery in one eye, the group average axonal density for the entire optic nerve among the 12 ET-1 treated eyes was 208,310/mm 2 , whereas the control eye group average was 220,661/mm 2 (t = 2.04, P = .03; see Table) . On average, this change represents a 5.1% ± 10.0% decrease of axonal density due to ET-1 induced chronic ischemia. However, Table  also shows that the effect of ET-1 treatment was not uniform across all 12 animals; individual animals varied greatly in response to chronic ischemia. There was no significant effect of duration of exposure to ET-1 (Kruskal-Wallis statistic = 0.04, P = .98). Because the number of animals treated for 9 and 12 months is small, detection of a small effect may not have been possible. Axonal density also varied substantially among control eyes, ranging from 170,622 to 286,825 axons/mm 2 (220,661 ± 35,855, mean ± SD). Therefore, a two-way ANOVA (treatment × animal) was applied and Bonferroni post hoc tests were used to evaluate the effect of ET-1 on overall axonal density for the whole experimental group and for each individual, respectively (Table) . This allowed for control of the variation due to differences between individual animals. As expected, axonal density varied significantly between individual animals (F = 129.9; P < .0001). Two-way matched-pair ANOVA showed a significant effect of ET-1 on overall axonal density for the whole experimental group (P < .0001), and there was a significant interaction between treatment and animal effects (F = 31.4, P < .0001). Bonferroni post hoc testing revealed that nine of the 12 animals had significant axonal density differences between their ET-1 treated and control eyes, but two of these had a greater density in the ET-1 treated eye (see Table) . Significant axonal loss was seen in seven animals and varied from 4% to 21% loss, with a mean loss of 11.6 ± 6.7%. 
Regional Retinal Ganglion Cell Axonal Density Comparison
Several studies have demonstrated regional susceptibility within the optic nerve in glaucoma and other forms of optic neuropathy in humans, as well as in experimental glaucoma in nonhuman primates and rodents. In visual evaluation of most optic nerve crosssections, it was immediately evident that some subregions sustained more damage than others. To evaluate the potential regional susceptibility in this experimental model of chronic ischemia, the axonal density was also assessed for 16 optic nerve subregions (see "Methods" section). Figure 5 shows regional differences in axonal densities for the group of 12 experimental animals, ET-1 treated versus contralateral, untreated eyes. Regional analysis showed a significant group effect of ET-1 induced ischemia (F = 19.9; P < .0001), but there was no significant interaction observed between treatment and region (F = 1.2; P > .05). As most of the variance (71%) in axonal density was attributable to differences between individual animals, comparisons between the two eyes (ET-1 treated and control) of each animal would allow a better measure of regional axonal density change.
FIGURE 2
Schematic showing the topography of the regional divisions on an optic nerve cross-section. A central point was determined by an image analysis system. Through the central point, eight subregions were divided. In addition, each of the subregions was further divided into inner and outer portions with approximately equal-sized areas. Figure 6 displays the spectrum of regional effects observed across the group. The pair of pie charts in each panel shows the data for a single animal. The numbers within each region in the left column represent the axonal density in the ET-1 treated eye relative to the density in the corresponding region of the optic nerve from the fellow control eye (ET/control). The right column for each pair shows the probability plot determined by two-way ANOVA with post hoc testing of the observed regional differences between the treated and control eye for each individual animal. There were very few regions where the axonal density in the ET-1 treated eye was significantly greater than the density in corresponding region of the control eye. For example, panels D, F, and G demonstrate significantly lower axonal densities within single subregions of the control eyes (Gray Shaded Sub-Regions, ET-1 Axonal Density > Control). In contrast, regions where the density in the ET-1 treated eye was significantly reduced as compared with the density in corresponding region of the control eye were common. Panels A through F show that significant loss of axonal density occurred in multiple subregions of ET-1 treated eyes. Most commonly, areas of axonal loss were found in clusters of contiguous subregions. In panel B, there is significant loss in both the superior nasal and inferior temporal regions, whereas panels A, C, D, E, and F show more focal deficits in clusters of two to seven subregions. Regional mapping of the damage showed that axonal loss was not uniformly distributed within the nerve and the axonal loss was unrelated to the site of delivery of the ET-1. Regional losses in axonal density were observed in eight of the 12 ET-1 treated eyes relative to the corresponding region of the optic nerve from each animal's control eye. Two of the 12 experimental eyes (monkeys 3 and 4) had differences in regional axonal density where the density was actually significantly greater in the ET-1 treated eye. The remaining two experimental eyes (monkeys 5 and 7) had no significant effect of ET-1 treatment, and thus analysis of regional differences (treatment by region interactions) was not applicable. Axonal loss often clustered within specific quadrants, with many regions showing greater than 20% loss and some regions with 40% to 45% loss of axons. In summary, chronic ischemia induced by local administration of ET-1 causes significant global loss of optic nerve axons in primate eyes, with varying regional loss (0 to 47%).
Optic Nerve Swelling and Axonal Density Calculations
The mean cross-sectional area of the retrobulbar optic nerves in the ET-1 treated eyes was 6.27 ± 0.96 mm 2 , whereas the area of the contralateral, control eyes was 5.91 ± 0.89 mm 2 . As noted above, the ET-1 treated optic nerves did not demonstrate clinically apparent
FIGURE 3
Photomicrographs of the endothelin-1 treated (top panels) and contralateral control (bottom panels) optic nerves in one monkey (monkey 8) taken at baseline and at the end of 6 months (final, top right and bottom right panels) of ischemia. This monkey has 16% axonal loss of the entire optic nerve, with the most severe loss in the nasal and superior nasal regions. There is no evidence of diffuse or focal pallor or optic disc edema, findings that are commonly associated with anterior ischemic optic neuropathy. Reprinted with permission from Archives of Ophthalmology. 132 swelling in serial fundus photography. This average size difference of the retrobulbar optic nerves represents an overall increase of 6% in the ET-1 treated eyes (P = .03, paired t test). However, the contribution of optic nerve swelling to axonal density calculations is not uniform, as some ET-1 treated optic nerves were larger and some were unchanged. To test this relationship, a linear correlation was calculated for the percentage of axonal loss compared to the percentage of optic nerve swelling in animals with significant loss. As expected, the correlation was inversely related, but quite weak (R 2 = 0.021). As an example, monkey 6 had highly statistically significant overall axonal loss of 8% (P < .001), as well as regional axonal loss varying from 17% to 27%. However, this primate did not exhibit any optic nerve swelling in the ET-1 treated eye (ET-1 eye optic nerve size 7.3 mm 2 , control eye 7.2 mm 2 ). In another example, monkey 2 had significant regional (19% to 36%) and overall (19%) axonal loss with optic nerve enlargement (ET-1 eye optic nerve size 7.4 mm 2 , control eye 6.3 mm 2 ). Finally, in some animals the increase in the size of the optic nerve may have contributed to the decrease in axonal density, whereas it did not contribute to others. In regions of severe axonal loss, the small amount of optic nerve swelling does not significantly change the estimated amounts of loss.
The increase in the average size of the ET-1 treated optic nerves was contributed to by increases in the extracellular space, apparent increases in the optic nerve glial populations, and generalized thickening of the perineurium of the entire optic nerve. As well, regional or localized loss of axons is the most significant finding in this study. Figures 1 and 4 provide examples of regions with very significant localized axonal loss and multiple other histological changes, described above. As previously shown, some regions of individual optic nerves treated with ET-1 had axonal loss of greater than 40%, as compared to the contralateral eye. In summary, modest retrobulbar optic nerve swelling occurs in the chronic ischemia model, but this swelling is not strongly correlated with axonal loss, does not account for significant decreases of the overall axonal density in individual animals, and is unlikely to account for the significant regional losses that exceeded 20% in many animals.
Intereye Variability in a Control Animal
To further investigate the variability of axonal density in normal eyes and between the two eyes of a normal primate, two eyes of a single monkey without minipump implantation were examined and analyzed in an identical statistical fashion ( Figure 7) . The left column in Figure 7 shows the relative densities in the various regions between two normal eyes of the single monkey. The right panel is the probability plot derived by identical statistical methods as were used for the ET-1 monkeys. As expected, there was some variability of the intereye ratio of axonal density for various optic nerve regions, although none of the intereye regional differences were statistically significant (F = 0.1, P = .79). The effect of region was significant (F = 11.3, P < .0001), but the effect of eye was not significant (F = 0.1, P = .79). The global density difference between these two normal eyes was less than 1% and not significantly different (right eye 233,118 axons/mm 2 , and left eye 221,470 axons/mm 2 , P = .78, paired t test).
FIGURE 4
Representative microphotographs of the optic nerve cross-sections of the two regions of endothelin-1 (ET-1) treated eyes (right column), compared to the matching regions of the contralateral eyes (left column), from two animals (monkeys 2 and 6). The optic nerve regions were chosen because they represent areas of significant axonal loss in the ET-1 treated eyes (see Figure 6 ). Average axon sizes (mean ± SD) are given for each image. Changes in the ET-1 treated optic nerves include axonal demyelination, axonal swelling, axonal shrinkage, and axonal fragmentation. In regions of axonal damage, retinal ganglion cell axons appeared generally enlarged or swollen, the variability of the axon size appeared greater, and the glial cells appeared hypertrophic (toluidine blue stain, ×100). Reprinted with permission from Archives of Ophthalmology.
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Comparison of Large Versus Small Axon Loss
To determine if preferential loss of large or small retinal ganglion cell axons occurs in the model of chronic ischemia, the size and numbers of axons were calculated and compared between the ET-1 treated and control eyes. Five animals (M1, M4, M5, M7, and M11) had uniformity of staining intensity of both eyes and were therefore included in this analysis. As a group, these animals demonstrated variable global loss of axons from 0 to 21% (see Table) , and three (M1, M5, and M11) had significant regional loss, with selected regions experiencing greater than 40% loss ( Figure 6 ). Figure 8 demonstrates the comparison of large versus small retinal ganglion cell axonal loss in ET-1 treated eyes as compared to the contralateral control eyes. The larger axons show significantly greater loss in three of the animals (M1, M5, and M11) as compared to the small axons (solid dots). Of note, M1 and M11 demonstrate significant global decrease of axonal density, 21% and 9% loss, respectively (see Table) , and M5 lacks significant global axonal loss but does demonstrate significant inferior regional loss. M4 and M7 do not show preferential loss of large axons and did not demonstrate significant global or regional axonal loss. Figure 9 illustrates the mean large versus small axonal changes for the entire group of five animals. As a group, the mean axonal frequency changes of large and small axons between the ET-1 treated and the controlled optic nerves were compared and do not show significant differences (P = .1) However, there appears to be a tendency toward preferential large axonal loss.
FIGURE 5
The histogram demonstrates the average regional retinal ganglion cell axonal density differences (axons/mm 2 ) between the endothelin-1 (ET-1) treated eye and the contralateral eyes of 12 animals. Although the ET-1 treated eyes had significant loss of axons for the entire optic nerve, for the entire population regionally the differences were not significant (T = temporal, S = superior, I = inferior, N = nasal, i = inner, o = outer). Reprinted with permission from Archives of Ophthalmology.
FIGURE 6
The spectrum of regional effects observed following 6 to 12 months of endothelin-1 (ET-1) induced ischemia. The pair of pie-charts in each panel shows the data for a single animal. Left column represents the ratio of axonal density in the ET-1 treated eye relative to the corresponding region from the fellow eye (ET/control). Right column shows the probability plot of the observed regional differences (two-way analysis of variance). Regions where the density in the ET-1 treated eye were significantly reduced were common (black or cross-hatched subregions, ET-1 axonal density < control). Panels A through F each show that significant loss of axonal density occurred in multiple subregions. Most commonly, areas of axonal loss were found in clusters of contiguous subregions. Panels D, F, and G demonstrate significantly lower axonal densities within isolated subregions of the control eyes (gray shaded subregions, ET-1 axonal density > control) (T = temporal, S = superior, I = inferior, N = nasal). Reprinted with permission from Archives of Ophthalmology.
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FIGURE 7
As in Figure 6 , the diagram shows the relative axon density within the various regions of the right eye versus the left eye of a normal monkey. Probability plots were calculated, and there were no significant differences for any region (all P > .05). The global density difference between these two normal eyes was less than 1% and not significantly different (right eye 233,118 axons/mm 2 and left eye 221,470 axons/mm 2 , P = .78, paired t test). Reprinted with permission from Arch Ophthalmol.
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FIGURE 8
Comparison of large versus small retinal ganglion cell axonal loss in the optic nerve of five endothelin-1 treated eyes as compared to the contralateral control eyes. On average, the larger axons (triangles) show significantly greater loss in three of the animals (M1, M5, and M11) as compared to the small axons (solid dots). Of note, M1 and M11 demonstrate significant global decrease of axonal density, 21% and 9% loss, respectively (see Table 1 ), and M5 lacks significant global axonal loss, but does demonstrate significant inferior regional loss. M4 and M7 do not show preferential loss of large axons and did not demonstrate significant global or regional axonal loss.
FIGURE 9
Mean large versus small axonal changes for the entire group of five animals illustrated in Figure 8 (M1, M4, M5, M7 and M11). As a group, the mean axonal frequency changes of large and small axons between the endothelin-1 treated and the control optic nerves were compared and do not show significant differences (P = .1) This is likely due to the high variability in the axonal sizes, the varying degrees of axonal loss in each animal, and the small sample size. However, there appears to be a tendency toward preferential large axonal loss.
DISCUSSION
Using an established model of optic nerve ischemia that employs ET-1 delivered to the retrobulbar space in the primate eye, we show that chronic ischemia results in demonstrable damage of the optic nerve without elevation of IOP. Eyes in which ischemia was induced for 6 to 12 months showed significant decrease in axonal density. Whereas the axonal loss was significant overall for the population, the damage represents early loss with an average of approximately 5%. However, some individuals have global loss exceeding 15% to 20%, with even greater amounts of regional loss. This ischemia-induced axonal loss was commonly focal in nature, but the location of loss within the optic nerve varied among individual animals. The axonal loss was often seen in clusters of contiguous subregions of the optic nerve of an individual animal. Clinical findings typical for anterior ischemic optic neuropathy, such as generalized or focal optic nerve pallor, optic nerve and retinal edema, and telangiectatic vessels, were not seen. Although, on average, the retrobulbar optic nerve area was increased in the ischemic eyes on account of axonal enlargement and extracellular space enlargement from axonal loss, there was no clinical evidence of anterior optic nerve swelling. This finding may imply a difference between severe acute ischemia associated with anterior ischemic optic neuropathy and milder, chronic ischemia associated with the hemodynamic alterations produced in our model.
Among the most important findings was that variability in the response to ischemia was seen both between animals and among regions of the optic nerve. These findings suggest that optic nerves differ in their susceptibility to ischemia and that individual optic nerves have varied regional susceptibility. Regional axonal loss and structural damage within the optic nerve are found in various forms of optic neuropathy, including glaucoma. 93, 134 Interestingly, focal damage of the optic nerve has been attributed to localized ischemia and has been referred to as "focal ischemic" GON. 104 This subtype of glaucoma has been statistically associated with systemic vascular abnormalities, such as migraine. In addition, preferential loss of large axons was demonstrated in animals with significant global and/or regional axonal loss secondary to chronic ischemia. These findings pose two important questions: Why are certain optic nerves and certain optic nerve regions of an individual optic nerve more susceptible than others to damage from noxious stimuli? and Why are large retinal ganglion cell axons preferentially damaged in both high IOP and ischemic models of glaucoma?
Although elevated IOP and chronic ischemia are presumably disparate insults, both result in regional axonal injury and preferential large axon loss. Potential hypotheses should be investigated. However, before considering potential hypotheses for the regional loss of axons in this model of ischemia, one should consider if the model itself is responsible for a particular pattern of loss. The delivery tubes for the ET-1 within the retrobulbar space were located to the nasal or superior-nasal side of the optic nerve in all animals. Although there is no way to know if the decrease in blood flow to the optic nerve was uniform, the highly varied susceptibility to damage is somewhat surprising. If the location of the delivery of the ET-1 is an important factor in the pattern of axonal loss, one would anticipate a greater loss of axons in the superior-nasal region due to the relatively greater exposure. However, this pattern was not uniformly seen. Instead, Figures 4 and 6 demonstrate that regional susceptibility was quite varied among individuals. Varying the placement of the delivery tube in future experiments will provide additional information regarding this matter. It is also possible that optic nerves of different animals may experience different levels of induced ischemia. This could explain the apparent differences in susceptibility between the optic nerves of different animals. However, blood flow experiments with intravascular microspheres indicated a fairly uniform decrease of anterior optic nerve blood flow between animals. 120 Whereas microsphere experiments provide reliable information about vascular perfusion, it is not possible to perform these experiments in the same eyes that are evaluated for axonal loss. In the future, validation of in vivo blood flow measurement techniques may allow assessment of optic nerve perfusion in eyes predestined for histological evaluation.
Preferential superior and inferior regional damage of the optic nerve in human glaucoma correlates clinically with the development of localized neuroretinal rim notches, disc hemorrhages, and visual function defects. Jonas and colleagues 93 and Mok and associates 98 showed that glaucomatous optic nerve loss occurs in all neuroretinal rim sectors of the optic nerve, but in early glaucoma the most pronounced loss is in the inferior-temporal rim. Preferential regional damage in glaucoma has traditionally been attributed to differential mechanical forces and explained by anatomic features at the level of the anterior lamina cribrosa. [99] [100] [101] That is, in the superior and inferior regions, there is less connective tissue around lamina cribrosa pores, and the pores are large in size compared to the nasal and temporal regions. 99, 100 In addition, lamina cribrosa pores in the peripheral region are longer than the central pores.
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Recent biomechanical modeling of posterior segment of the eye and optic nerve suggests that disproportionate stress and strain within the optic nerve may contribute to regional loss of axons. 103 These anatomic features may cause the axons passing through the lamina cribrosa within these regions to be more vulnerable to mechanical stress, such as an increase in IOP.
Realization that chronic optic nerve ischemia, like chronic mechanical compression, produces regional neural damage forces reexamination of the topic. Several hypothetical explanations based on regional differences in the anatomic, metabolic, and/or vascular profiles of the anterior optic nerve can be considered. First, regional anatomic differences that exist within the lamina cribrosa, such as differences in the constitutive glial cell populations and in the retinal ganglion cell types, may account for varied susceptibility. Second, the metabolic demand may vary between different regions of the optic nerve. Under normal physiological conditions, the metabolic demand of certain regions of the optic nerve is accommodated, but when perturbed, the system is overwhelmed and highly metabolically active regions would be more vulnerable to damage, such as perfusion deficits or localized mechanical stress. Third, differences in the vascular anatomy, such as the number and caliber of supply arteries or the distribution of capillaries within the optic nerve, may play a role in regional variations. There may be differences in the patterns of capillary beds within the anterior optic nerves. Perhaps the total number of capillaries subserving a set number of retinal ganglion cell axons in various regions of the optic nerve is borderline but becomes inadequate and exhibits increased susceptibility when stressed due to differential regional autoregulatory capabilities. 135, 136 Regional functional inadequacy may not be accompanied by a structural decrease in the vasculature, as demonstrated previously. 137 Instead of a measurable decrease in the number of capillaries, loss of autoregulatory capacity may be the underlying deficiency.
The existence of regional watershed zones has been suggested to be important in the development of regional damage in the human glaucomatous optic nerve. 60, 108, 109 Approximately 60% of these watershed zones pass through the temporal half of the optic nerve in eyes with glaucoma. 110 Since the area within a watershed zone is comparatively less perfused, especially during hemodynamic stress, these regions are more vulnerable to ischemic damage. Given the similar optic nerve structure and vasculature of nonhuman primates to the human eye, perhaps the varied severity and regional location of axonal damage seen in this experiment are the result of uneven perfusion of the optic nerve caused by watershed zones. In the future, this could be investigated with in vivo angiography in this primate model. This hypothesis might also explain the variability in the response between different animals.
Finally, differential regional response or sensitivity to the vasoconstrictive effects of ET-1 could also explain the findings of the present study. This model assumes that the axonal damage is the direct result of ischemia, which was induced by ET-1. 91, 120 Endothelins are a family of short-chain polypeptides that have been identified and described over the last two decades. As the most potent vasoconstrictor known, ET-1 was selected in this model in order to create significant vasoconstriction over a prolonged period of time. This peptide affects the vasculature through two major receptors, ET a and b receptors. Recent studies have indicated that the ET b receptor, which is largely located on glial cells in central nervous system, can also participate in the pathological mechanism of neuronal damage. [138] [139] [140] [141] This concept may be particularly interesting because patients with primary open-angle glaucoma may have higher ET-1 levels in the plasma and vitreous humor, as compared to normal controls. 39, 44, 45, 47, 48 Thus, ET-1 may cause blood flow insufficiencies in the optic nerve due to its potent vasoconstrictive effect or, on the other hand, may cause neuronal damage mediated by ET b receptors on the glial cells via mechanisms not yet fully understood. This also provides the potential opportunity of developing therapeutic approaches for the treatment of glaucoma, via blockade of endothelin activity or otherwise enhancing the blood flow to the anterior optic nerve. Examining the distribution of ET receptors and their activity in the optic nerve may provide insight into these issues.
As cited in the "Introduction," large optic nerve fibers may be more susceptible to damage in human GON. 102 It has been proposed that retinal ganglion cells with large axons are more vulnerable than retinal ganglion cells with small axons. This observation has been shown in both the experimental high IOP primate model of glaucoma 111 and in human glaucoma. 102 The present study demonstrates selective loss of large axons in our model of chronic optic nerve ischemia. Whereas this finding is interesting and extends to the concept that ischemia is involved in human glaucoma, the notion that the retinal ganglion cells with large axons are more vulnerable to glaucomatous damage remains controversial. The possibility remains that the apparent preferential loss of large axons in glaucoma and our model may result from cellular shrinkage prior to the cell death. 118 In addition, classification of retinal ganglion cells based only on the size of their axons, while anatomically achievable, may have limited physiological relevance.
CONCLUSIONS
Chronic optic nerve ischemia in the nonhuman primate eye leads to demonstrable damage of the optic nerve, without elevation of IOP. Whereas the average loss of retinal ganglion cell axons for all the animals was significant, it was small. However, localized loss of axons was significant in most of the animals and extensive in many regions. Ischemia-induced axonal loss usually was focal in nature but variable in location within the optic nerve of individual animals. In addition to this variation in regional axonal loss, individual animals showed marked differences in axonal damage. Also, there appears to be preferential loss of large retinal ganglion cell axons as compared to small axons. These findings suggest that optic nerves differ in their susceptibility to ischemia and that individual optic nerves have varied regional susceptibility.
Clinically, glaucoma is a slowly progressive optic neuropathy that is caused by a variety of factors, including but not limited to elevated IOP. Other factors either alone or in concert with IOP likely result in glaucomatous damage. Regional axonal loss and structural damage within the optic nerve are common in GON, and focal damage of the optic nerve has previously been attributed to localized ischemia. Glaucoma has been associated with many systemic vascular disorders through epidemiologic studies and through experimentation. However, optic nerve ischemia has not been proven to be a causative factor in the development of GON. The present study demonstrates that focal optic neuropathy, similar to that seen in glaucoma, results from chronic ischemia alone. Potential regional differences in the anatomy, metabolism, or vasculature of the optic nerve may underlie the differential susceptibility of the various regions. Finally, whereas preferential regional damage in glaucoma has traditionally been attributed to differential mechanical forces, it is possible that ischemic perturbations of the optic nerve result in regional increases in susceptibility that render parts of the anterior optic nerve more susceptible to mechanical damage.
